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EDITORIAL REVIEW
Cellular calcium in ischemic acute renal failure: Role of
calcium entry blockers
Many variables are involved in the process of ischemic cell
injury. Alterations in one such variable, that of cellular calcium
homeostasis, appear to be of major significance in this process.
The purpose of this editorial is to discuss potential mechanisms
whereby alterations in cellular calcium in vascular smooth
muscle, glomerular mesangial cells and tubular epithelial cells
may not only be consequences of a renal ischemic insult but
may also be involved in perpetuating the vascular and tubular
injuries that cause acute renal failure (ARF). The potential
effects of calcium entry blockers on vascular smooth muscle,
glomerular mesangial cells and tubular epithelium that might
attenuate acute renal injury will also be discussed. However,
prior to a discussion of pathological mechanisms a brief review
of normal cellular calcium handling is appropriate.
The extracellular fluid calcium concentration is much greater
than the intracellular fluid calcium concentration (approxi-
mately i0 vs. l0— mM). There is also an electrical gradient
created by the transmembrane potassium gradient which favors
calcium movement into cells. The normal cell membrane,
however, is relatively calcium impermeable so that a steep
calcium gradient is maintained. Moreover, as shown in Figure
1, there are at least two very effective mechanisms in basolat-
eral membranes which mediate calcium effiux from the cell
including: 1) a Ca-ATPase which is involved in ATP dependent-
calcium efflux and 2) a NaJCa exchange mechanism which is
indirectly dependent on ATP, since Na/K-ATPase activity is
the predominant determinant of cellular sodium concentration.
Intracellular organelles, namely mitochondria and endoplas-
mic or sarcoplasmic reticulum, actively increase their calcium
uptake in response to an increase in cytosolic calcium which
may have occurred either due to an increase in cellular mem-
brane permeability to calcium, a diminution in cellular calcium
effiux or a combination thereof. In this regard, the endoplasmic
reticulum which possesses a Ca-ATPase shows high affinity and
low capacity and is largely considered to be responsible for
basal cell calcium homeostasis. On the other hand, the
mitochondria represent a low affinity but high capacity calcium
sink during extraordinary intracellular conditions, such as those
likely induced by ischemia, which result in increased cytosolic
calcium [1]. Mitochondrial calcium uptake proceeds via a
calcium uniporter in the mitochondrial inner membrane which
is sensitive to blockade with ruthenium red [2, 3]. The electrical
driving force across the inner mitochondrial membrane for this
uniporter is generated by the active extrusion of protons along
the electron transport system or may be maintained by ATP
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hydrolysis [4]. It is this same electromotive driving force across
the inner mitochondrial membrane which is critical in the
initiation of oxidative phosphorylation or ATP synthesis [5].
When there is competition for the electromotive driving force
across the inner mitochondrial membrane between active mito-
chondrial calcium uptake and oxidative phosphorylation, the
mitochondria have been shown to selectively transport calcium
at the expense of oxidative phosphorylation [5]. Such a com-
petition could then cause a decrease in cellular energy available
as ATP and thus compromise ATP-driven calcium uptake by
the endoplasmic or sarcoplasmic reticulum as well as calcium
extrusion at the plasma membrane.
In addition to the endoplasmic reticulum and mitochondria,
there are calcium binding proteins such as calmodulin which
combine with calcium in the cytosol. The glycocalyx of the
plasma membrane is also another cellular calcium pool.
On this brief background, some of the aspects of the cell
biology of renal ischemia will now be discussed, particularly as
they relate to cellular calcium. Since the degree and duration of
ischemic injury are major determinants of the cell's response, it
is important to define precisely these factors in any discussion
of renal cell injury. In the present editorial the degree and
duration of renal ischemia to be discussed will be those that
result in a reversible model of ischemic ARF. In the dog and rat
this involves 45 to 50 minutes of total renal pedicle clamping; a
shorter or less complete insult generally does not cause ARF
and longer periods generally cause irreversible ARF. In our
laboratory the intrarenal infusion of norepinephrine (NE) to
cause total renal ischemia for 40 minutes has also been shown to
produce a reversible ischemic model of ARF [6]. Since studies
of the pathogenesis of the injury incriminate a vascular compo-
nent in the initiation phase and tubular obstruction in the
maintenance phase of ischemic ARF, this editorial will address
the potential role of calcium in both vascular and epithelial
tissue. In Figure 2 the potential interaction is shown between
the vascular injury and the tubular injury of ischemic ARF, both
of which will be discussed in detail below.
Ischemia-induced vascular injury and calcium entry blockers
Ischemia-induced injury to vascular smooth muscle will be
initially discussed. While the role of calcium-calmodulin in
activating protein myosin light-chain kinase in vascular smooth
muscle and thereby causing phosphorylation of myosin with
associated contraction is well known, the abnormalities in this
system that occur after ischemic injury have not been well
delineated. Total renal occlusion for 40 minutes in the rat [7]
and 90 minutes in the dog [8], however, does cause loss of renal
autoregulation, and a hypersensitivity to renal nerve stimula-
tion occurs in the rat [9]. There is as yet limited information
about whether these phenomena involve an increase in cellular
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calcium concentration; however, a recent preliminary report
indicates that the overall functional protection afforded by the
calcium entry blocker, diltiazem, against ischemic ARF also
includes the normalization of renal autoregulation in this setting
[10]. Functional and morphological protection against ARF
have been shown to occur in vivo by using intrarenal infusions
of chemically dissimilar calcium entry blockers in several
ischemic models of ARF, including those induced by intrarenal
norepinephrine in the dog [11] and rat [10] or renal artery
clamping in the rat [12] or dog [13]. It is clear, however, that a
longer duration of an intrarenal verapamil infusion is necessary
to show protection when initiated after rather than before the
NE-induced renal ischemia (120 vs. 30 mm) [11]. Moreover, this
protection against ischemic ARF is also more readily demon-
strable in NE-induced ischemia than in total renal artery
clamping for 45 minutes in the rat [14]. In order to explain this
discrepancy, some investigators have proposed that verapamil
may protect against NE-induced ARF in the rat by preventing
complete cessation of renal blood flow during the NE infusion
[14]. While this may be one mechanism whereby calcium entry
blockers may attenuate ischemic renal injury, this pathway can
not explain the protective effect of the calcium entry blockers,
either verapamil or nifedipine, when administered after total
cessation of renal blood flow for 40 minutes in the NE-induced
model of ARF in the dog [11]. This protective effect of calcium
entry blockers is clearly mediated by intrarenal mechanism(s),
since it has been demonstrated in the isolated perfused rat
kidney after both warm (30 to 45 mm) and cold (8 hr) ischemia
[15]. Furthermore, the potential clinical relevance of these
observations has been demonstrated by the effect of another
calcium entry blocker, diltiazem, to improve the survival of
cadaver kidney transplants in a prospective study [16].
The use of calcium entry blockers in vivo, however, does not
allow for the differentiation of direct protective mechanisms
involving vascular smooth muscle from direct effects on renal
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Fig, 2. Vascular and epithelial components of ischemic renal cell
injury which lead to acute renal failure.
tubular epithelial cells. As suggested above, a protective vas-
cular effect of calcium entry blockers seems quite likely from
the results of in vivo studies [10—16]. Moreover, both verapamil
and nifedipine have been shown to block the in vivo response of
arterial resistance vessels to large pressor doses of NE, vaso-
pressin and angiotensin in the conscious rat [17], and the plasma
concentrations of these vasoconstrictors are generally in-
creased during ischemic episodes associated with clinical ARF.
Use of in vitro cell culture techniques has also shown that
vasoconstrictors most likely mediate their effects on vascular
smooth muscle and glomerular mesangial cells by increasing
cytosolic calcium [18—21]. The initial (seconds) rise in cytosolic
calcium in these cultured cells occurs secondary to mobilization
of intracellular calcium and is accompanied by increased cellu-
lar 45Ca efflux; these phenomena occur even in the presence of
calcium-free media or a calcium entry blocker [18—20]. How-
ever, the sustained (minutes) vascular effects of vasopressin on
vascular smooth muscle [18] and angiotension on glomerular
mesangial cells [19] have been shown to involve replenishment
of intracellular calcium stores by enhanced 45Ca influx. This
effect is partially blocked by verapamil [18, 19]. Micropuncture
studies of Ichikawa, Miele and Brenner have also shown that
the angiotensin TI-mediated decrease in glomerular capillary
permeability, presumably secondary to contraction of glomer-
ular mesangial cells, is totally blocked by administration of
verapamil [22]. In an in vitro study of myocytes verapamil and
nifedipine have also been shown to protect against anoxic
injury; this effect appears to be mediated by slowing the
contraction rate of the myocytes [23].
The absence of autoregulation of renal blood flow and the
accentuated vasoconstriction response to sympathetic nerve
stimulation, which persists for a minimum of one to two weeks
after an ischemic insult known to cause ARF, may also involve
perturbations in cellular calcium. This loss of renal autoregula-
tion after an ischemic injury [8, 9] may explain why fresh
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Fig. 1. Mechanisms of cellular calcium regulation in renal tubular
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necrotic cellular lesions have been observed on kidney biopsy
of patients with clinical ARF many days after the clinically
apparent ischemic insult [241. Specifically, these fresh renal
lesions may occur secondary to subclinical systemic hemody-
namic effects which predispose the kidney to continued ische-
mic injury primarily because of the absence of renal autoregu-
lation. As mentioned above, in preliminary studies a 90 minute
infusion of verapamil or diltiazem has been shown to prevent
this loss of autoregulation of renal blood flow after an intrarenal
NE insult known to cause reversible ischemic ARF [10]. The
calcium entry blockers also prevented the hypersensitivity
response to renal nerve stimulation shown to occur in this
experimental model of ARF [10]. Intrarenal calcium entry
blockers could therefore protect against, attenuate the degree
of, or enhance recovery from, renal ischemic injury by several
vascular mechanisms including: 1) a lessening of the diminution
in renal blood flow for a given renal ischemic insult; 2) enhance-
ment of recovery of renal blood flow after a given ischemic
insult; 3) prevention or attenuation of vasoconstrictor (norepi-
nephrine, vasopressin, and angiotension II) mediated contrac-
tion of glomerular mesangial cells and thus preservation of
glomerular capillary permeability; 4) preservation of renal
blood flow autoregulation and prevention of the hypersensitiv-
ity response of renal nerve stimulation, thus protecting against
continued cellular injury of nephrons secondary to otherwise
minor hemodynamic alterations; and 5) since necrotic cellular
debris appears to provide the substrates for tubular obstruction,
the primary maintenance factor in ischemic ARF [25], calcium
entry blockers could also secondarily prevent or attenuate
tubular obstruction. These potential vascular effects of calcium
entry blockers in preventing or attenuating ischemic injury are
based on the hypothesis depicted in Figure 3 that ischemia-
induced vascular injury causes sarcolemmal damage with in-
creased permeability to calcium, enhanced calcium influx, a rise
in cytosolic calcium, and an increase in calcium-calmodulin
complexes which then activate myosin light chain kinase with
resultant vasoconstriction. Calcium entry blockers would inter-
rupt this process by impeding cellular calcium influx into
vascular smooth muscle elements in glomerular arterioles and
glomerular mesangial cells. While the results discussed above
are compatible with this hypothesis of a vascular mediated
effect of calcium entry blockers in reducing the consequences of
renal ischemic damage, more direct in vitro studies are needed
to examine this hypothesis further. Moreover, the vascular
effects of calcium entry blockers in modulating renal ischemic
injury do not exclude other modes of protection of these agents.
In this regard, a potential vascular independent role of calcium
in initiating, as well as the effect of calcium entry blocking
agents in modulating, renal tubular epithelial injury will now be
discussed.
Renal tubular epithelium and calcium entry blockers
Although more controversial than the effect on vascular
smooth muscle, the effect of calcium entry blockers on renal
tubular epithelium has also been examined. On the basis of
functional, morphological and mitochondrial studies, we orig-
inally suggested that ischemic ARF might be attenuated by
calcium entry blockers by direct effects of these agents on slow
calcium channels in both vascular smooth muscle and renal
tubular epithelium [11]. While patch-clamping techniques have
been used to demonstrate slow calcium channels in excitable
cardiac and vascular smooth muscle, calcium channels have not
yet been demonstrated in renal tubule cells. It has been shown,
however, that binding of certain calcium entry blockers is
increased in depolarized myocytes [26]. Thus, since ischemic
injury is known to cause a loss of cellular potassium and
depolarization of renal tubule epithelial cells, such an effect of
depolarization could also enhance verapamil binding in renal
tubular epithelial cells. Such increased binding after an ische-
mic insult could explain why verapamil (5 sM) has been shown
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to attenuate the enhanced 45Ca uptake observed after 30 min-
utes of anoxia in isolated proximal tubules, but to have no effect
on control preparations [27].
Renal plasma membranes
The brush border membrane of proximal tubule epithelium
has been shown to be very sensitive to ischemic injury in both
the rat [28] and dog [29] after either NE or renal pedical
clamping. A short 25 minute period of renal ischemia causes
blebbing and invagination of the brush border membrane, but
these abnormalities are rapidly reversible during the immediate
reflow period [30]. It is interesting however that a duration of
renal ischemia known to cause reversible ARF (60 mm) dem-
onstrates less rapidly reversible changes in the proximal-tubule
brush border membrane [28]. This morphological observation is
of seminal importance in the hypothesis that calcium overload
during reflow, which occurs secondary to persistent membrane
damage, is an important mediator of mitochondrial damage and
ultimately cell death in renal epithelial cells [31, 32]. In addition
to the morphological evidence of ischemia induced injury to the
brush border membrane, studies performed in suspensions of
proximal nephron segments have demonstrated a profound and
significant increase in 45Ca uptake after 30 minutes of anoxia
[27]. Calcium entry blockers, either verapamil or nifedipine,
prevented the increase in calcium uptake. These results with in
vitro anoxia indicate that the morphological membrane damage
of the proximal tubule is associated with increased exchange-
able calcium. Prevention of the anoxia-induced increase in
calcium uptake by verapamil or nifedipine was accompanied by
improved membrane integrity, as evidenced by electron micro-
scopy. The calcium entry blockers did not, however, enhance
the recovery of energy (ATP) production. These in vitro results
therefore document that anoxia causes increased cellular cal-
cium permeability and that chemically dissimilar, calcium chan-
nel blocking agents protect against this abnormality.
There are several mechanisms which may be involved in the
membrane damage produced by anoxia or ischemia. It has been
proposed that cell swelling due to loss of cell volume regulation
may result in increased permeability of the plasma membrane to
calcium [33, 34]. Calcium is known to activate membrane
phospholipases [35], and increases in free fatty acids have been
demonstrated to occur after renal ischemic injury [36]. The very
rapid activation of phospholipases is quite compatible with the
rapid membrane changes which occur with an acute ischemic
insult [35]. Moreover, the phospholipase inhibitor, chlorproma-
zine, has been shown to attenuate isehemic liver injury [37], and
the presence of extracellular calcium has also been shown in
vitro to be an important determinant of cytotoxicity [38]. The
observation by Takano et al that removal of extracellular
calcium protects against anoxic injury in proximal tubule sus-
pensions not only supports a mechanism of a calcium calmod-
ulin activation of membrane phospholipases, but is also com-
patible with a more direct effect of calcium on membrane
function such as disaggregation of microtubules and microfila-
ments [39].
An important role of oxygen radicals in perpetuating the
membrane damage during re-oxygenation, in vitro or in vivo,
must also be considered [40]. McCord and Roy have shown that
ischemia is associated with an increase in conversion of
xanthine dehydrogenase to xanthine oxidase [41], and calcium
is postulated to be an important factor in this enzymatic
conversion [40]. With renal isehemia the adenine nucleotide
metabolites, hypoxanthine and xanthine, have been shown to
accumulate [32]; thus, the combined presence of these nucleo-
tide substrates, increased xanthine oxidase and oxygen delivery
during reflow, would be expected to result in increased oxygen
radical production. Moreover, Paller, Hoidal and Ferris have
shown that the oxygen radical scavengers, superoxide dismu-
tase, dimethylthiourea and allopurinol, afford protection against
acute ischemic renal injury in the rat [42].
Molitoris et al have proposed a somewhat novel mechanism
of ischemia induced surface membrane damage [43]. These
authors have demonstrated that renal cortical surface mem-
brane polarity is partially lost during reversible isehemic injury
[43]. Using enzymatic, biochemical and cytochemical studies,
they have shown that Na/K-ATPase (basolateral membrane
marker enzyme) accumulated in ischemic brush border mem-
brane fractions. Loss of surface membrane polarity also re-
sulted in large alterations in brush border membrane phospho-
lipids and cholesterol. The authors propose that ischemic
induced loss of tight junction functional integrity was the
underlying cellular mechanism responsible for these alterations.
Finally, they also reported the accumulation of the putative
calcium ionophores, lysophosphatidylcholine in brush border
and basolateral membranes and phosphatidic acid in basolateral
membrane with an ischemic insult. These findings provide a
potential explanation for the increased cellular calcium influx
observed after renal anoxic injury [27].
Changes in cellular acid-base status during reflow and re-
oxygenation may also contribute to an increase in cellular
calcium burden. A number of studies have shown that a low pH
may afford protection against ischemic injury in several organ
systems [44, 45]. In a recent study, Burnier et al have demon-
strated that the effect of pH on calcium uptake may be an
important determinant of the injury to proximal nephron seg-
ments in suspension induced by 30 minutes of anoxia [46]. As
already discussed, when proximal nephron segments are sub-
jected to 30 minutes of anoxia, an increase in calcium uptake
occurs. However, when these same experiments are performed
in an extracellular medium with a pH of 6.9 rather than 7.4, the
calcium uptake is no different than that in normal proximal
tubule segments in an oxygenated (95% 02—5% C02) medium.
Thus, either calcium entry blockers [27] or acidosis [46] abolish
the effect of anoxia to increase the calcium uptake. The
mechanism whereby pH mediates such an effect on calcium is
not known, but the activation of phospholipases is pH depen-
dent [47] as is calcium-calmodulin binding [48]. In any case,
during in vivo reflow to ischemic renal tissue the acidotic
extracellular pH is restored to normal; this circumstance could
enhance the membrane calcium uptake. Thus, not only oxygen
radical generation but also calcium mediated activation of
phospholipases may be enhanced during reflow because of
increased oxygen availability and restoration of normal PH,
respectively. Both of these events could therefore perpetuate
membrane damage during the reflow period, thereby delaying
membrane repair.
The effect of 30 minutes of anoxia on cellular calcium efflux
has also been investigated in proximal tubule nephron seg-
ments. Since anoxia or ischemia is known to decrease cellular
ATP within a few minutes [49], several events might be ex-
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pected to occur which would diminish cellular calcium effiux.
First, since Ca-ATPase-mediated calcium effiux is ATP-depen-
dent, anoxia would be expected to decrease calcium efflux via
this active transport system in the basolateral membrane.
Second, the Na/Ca exchanger in the basolateral membrane is
dependent on the sodium gradient between the extracellular and
intracellular compartments. Electron probe analysis has shown
that renal cortical intracellular sodium concentration increases
with ischemia of sufficient duration to cause ARF, presumably
secondary to inhibition of Na/K-ATPase-mediated sodium ef-
flux [501. Thus, the sodium gradient between the extracellular
and intracellular space is decreased, and therefore calcium
efflux mediated by the Na/Ca exchanger would be expected to
decrease. In spite of these expected effects on the two major
known mechanisms for cellular calcium effiux, studies after 30
minutes of anoxia in proximal tubular nephron segments dem-
onstrated a slight but significant increase in calcium efflux
during the immediate reoxygenation period [46]. Snowdowne,
Freudenrich and Bone have also reported similar results in
kidney cells after an anoxic insult [51]. It therefore seems likely
that the increase in cellular calcium influx after an anoxic insult
to proximal tubule cells is associated with a concomitant
modest increase in calcium efflux, albeit not as profound in a
quantitative sense as the calcium influx. The increase in calcium
efflux in spite of diminished cellular ATP may indeed be
secondary to an ischemia induced increase in cytosolic calcium
[52].
Since the calcium uptake of isolated proximal tubules has
been shown to be increased after anoxia, a rise in cytosolic
calcium might be expected [46]. In fact, Snowdowne and Borle
have used the luminescent probe, aequorin, and have shown
that anoxia is associated with a sharp rise in cytosolic calcium
[52]. The hypoosmotic shock necessary to incorporate aequorin
into the cell, however, has been criticized and has impeded the
widespread use of this approach to measure cytosolic calcium.
The use of the fluorescent dyes Quin-2 or Fura-2 to measure
cytosolic calcium in anoxic or ischemic tissue may also be
problematic, since these dyes probably leak from the cells
during anoxia and thus confound any measurement of cytosolic
calcium. In the future nuclear magnetic resonance spectroscopy
using fluorine-labeled EGTA may become the preferred method
to monitor cytosolic free calcium kinetics in such ischemia
experiments.
Renal cellular calcium buffering by endoplasmic reticulum
and mitochondria
The fine regulation of cytosolic calcium concentration in
epithelial cells appears to be primarily conducted by the endo-
plasmic reticulum. As discussed in the introduction, the uptake
of calcium by the endoplasmic reticulum is an ATP dependent
active process involving a Ca-ATPase. Schieppati et al have
performed experiments to examine the effect of 50 minutes of
the total renal ischemia on the calcium uptake capacity of
endoplasmic reticulum harvested from the microsomal fraction
of renal cortical tissue [53]. In these studies adequate exoge-
nous ATP was added to the media, and therefore, these in vitro
studies examined the Ca-ATPase dependent uptake of calcium
by the endoplasmic reticulum. The results demonstrated that
the endoplasmic reticulum from ischemic kidneys exhibited a
decrease in calcium uptake immediately after the 50 minutes of
renal pedicle clamping. However, the endoplasmic reticulum 24
hours after the renal ischemic insult demonstrated no difference
in calcium uptake as compared to control studies. Thus, an
ischemic insult which results in established ARF at 24 hours
does not alter the intrinsic calcium buffering capacity of the
endoplasmic reticulum when adequate ATP is present.
The results of these endoplasmic reticulum studies are strik-
ingly different from those obtained in studies assessing the
calcium buffering capacity of mitochondria after ischemic in-
jury. Initial studies demonstrated that 24 hours after 40 minutes
of intrarenal norepinephrine-induced ischemia in the dog, mito-
chondrial respiration was profoundly depressed and was asso-
ciated with a large increase in mitochondrial calcium [11]. The
calcium entry blocker, verapamil, not only afforded functional
protection as assessed by preservation of GFR, and morpho-
logical protection as assessed by light and electron microscopy,
but the abnormalities in mitochondrial calcium and respiration
were also totally prevented. This led us to speculate that the
renal cortical mitochondria were exposed to a large calcium
load during reflow, because of increased membrane calcium
permeability secondary to ischemia induced injury of the
plasma membrane. In the presence of this demand for calcium
uptake by the mitochondria the electromotive driving force
across the inner membrane of the mitochondria would no longer
be available for oxidative phosphorylation.
While this was an attractive hypothesis, temporal studies
performed throughout the 24 hours following the ischemic insult
were necessary to establish a cause and effect relationship
between mitochondrial calcium accumulation and impaired
mitochondrial respiration. The results of these temporal studies
by Wilson et al were quite revealing [54]. During the first three
to four hours of reflow, mitochondrial respiration improved
despite a progressive increase in mitochondnial calcium con-
tent. Thus, there was a clear dissociation of a cause and effect
relationship between these two events during the early (3 to 4
hr) reflow period, that is, improvement in mitochondrial respi-
ration occurred in spite of mitochondrial calcium accumulation.
However, after reaching a recovery of approximately 80% of
normal, mitochondrial respiration then progressively deterio-
rated until the profound impairment observed at 24 hours
occurred. During this period of later reflow (6 to 24 hr)
mitochondrial respiration correlated inversely with a further
rise in mitochondrial calcium content, an observation quite
compatible with a cause and effect relationship [54, 55] (Fig. 4).
Additional studies demonstrated that approximately 50% of the
mitochondrial calcium uptake occurred in vivo and 50% oc-
curred in vitro [55]. This delineation was achieved by the use of
ruthenium red, which totally blocks the in vitro calcium uptake
which may occur at 4°C during the mitochondrial isolation
procedure. Weinberg and Humes have also reported the use-
fulness of ruthenium red to block the mitochondrial calcium
uniporter when isolating mitochondria from injured tissue [56].
The possibility of a cause and effect relationship between the
rise in mitochondrial calcium and the deterioration in mitochon-
drial respiration was further examined in the following manner.
Ischemic kidneys were placed in the normal isolation medium
and homogenized as usual. A sample of this homogenate was
then taken for measurement of calcium. This value thus repre-
sented the highest possible calcium concentration to which the
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mitochondria could have been exposed during their isolation.
This measurement was made for kidneys taken immediately
following 50 minutes of total ischemia as well as at various
times during 24 hours of reperfusion. The homogenate calcium
concentration rose progressively from 87 to 564 /.LM, thus
reflecting progressive tissue calcification during reperfusion.
Mitochondria were then harvested from normal renal tissue in
the presence of increasing concentrations of calcium added to
the isolation medium and ranging from 0 to 900 j.rM,As can be
seen in Figure 5A, these normal mitochondria progressively
accumulated calcium as the medium calcium concentration was
increased, and this calcium accumulation was associated with a
progressive deterioration in mitochondrial respiratory capacity.
Addition of the calcium uniporter blocker, tuthenium red, to the
media blocked the rise in mitochondrial calcium and abolished
the deterioration of mitochondrial respiration (Fig. SB). These
studies therefore clearly show that normal renal cortical mito-
chondria are quite sensitive to calcium overload as assessed by
mitochondrial respiration; thus, damaged mitochondria in the
cortex of kidneys after an ischemic insult would be expected to
be similarly affected, and perhaps even to a more severe degree
by increased calcium uptake.
Using the technique of Becker, Fiskum and Lehninger [57],
the calcium buffering capacity of mitochondria isolated from
normal kidneys versus kidneys exposed to 50 minutes of total
ischemia was further studied [321. As with mitochondrial respi-
ration, the calcium buffering capacity improved during the
initial period of reflow. In fact, the mitochondrial capacity to
restore the calcium concentration in the surrounding cytosol-
like medium after an exogenous bolus of calcium had totally
returned to normal after three hours of post-ischemic reflow.
However, thereafter mitochondrial calcium buffering capacity
deteriorated; in fact, mitochondria harvested 12 hours after the
renal ischemic insult actually released calcium into the sur-
rounding cytosol-like media. Moreover, calcium buffering ca-
pacity was totally lost when the mitochondria were harvested
18 to 24 hours after the renal ischemic insult.
Thus, in contrast to the endoplasmic reticulum, mitochondria
from renal tissue subjected to an ischemic insult known to cause
reversible ARF exhibit profound impairment in both respiratory
B
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Fig. 5. A. Mitochondrialcalcium content (closed circles) and acceptor
control ratio (ACR) (open circles) following isolation in the presence of
increasing calcium concentration in the isolation media. Each point
represents mean SE. Reprinted from [55] with permission of the
American Physiological Society. B. Effect of isolation in the presence of
ruthenium red in isolation media of varying calcium concentrations on
mitochondrial calcium content (closed circles) and acceptor control
ratio (ACR) (open circles). Each point represents mean SE. Reprinted
from [55] with permission of the American Physiological Society.
function and calcium buffering capacity. These impairments in
mitochondrial function correlate with the progressive rise in
mitochondrial calcium content, and the depressed rate of mito-
chondrial oxidative phosphorylation can be mimicked in vitro
when normal mitochondria are exposed to increased concen-
trations of calcium.
The role of calcium in the kidney's response to anoxia and
substrate deprivation has been examined further by Wilson and
Schrier using primary renal cell cultures of individual nephron
segments [58]. This in vitro approach allows the further exam-
ination of a role for calcium in response to anoxia as well as any
protective effect of calcium entry blockers in the absence of
hemodynamic factors which occur in vivo. When these cultures
A
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Fig. 4. Inverse relationship between mitochondrial acceptor control
ratio (A CR) (open circles) and mitochondrial calcium content (closed
circles) during 6 to 24 hours of post-ischemic reperfusion. Results are
expressed as mean sn The ACR is the ratio of State 3 mitochondrial
respiration (oxidative phosphorylation) and succinate-mediated State 4
mitochondrial respiration.
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are subjected to 30 minutes of anoxia and then re-oxygenated a
progressive pattern of cell death occurs, as assessed morpho-
logically by lack of nigrosine dye exclusion. All cells of every
nephron segment are dead by five hours after a 30 minute
anoxic insult, and this death rate is not altered by concomitant
substrate deprivation. However, when calcium is removed from
the culture media during the first two hours of re-oxygenation
and then the calcium is replaced from two to 48 hours of
re-oxygenation, approximately 40% of all proximal (Si, S2 and
S3) and distal (medullary ascending limb and collecting ducts)
nephron segments are still alive at 48 hours. Prolonged removal
of calcium from the media (longer than 2 hr) after reoxygena-
tion, however, led to 100% cell death at five hours. The calcium
entry blockers, verapamil and nifedipine, as well as the
calmodulin inhibitors, trifluoroperazine and W-7, also improved
survival of these cell cultures after the anoxic insult [59].
However, as with prolonged total removal of calcium from the
culture media (longer than 2 hr), prolonged exposure of the
renal cell cultures to these calcium-modulating agents was
deleterious [59].
In summary, ischemic ARF is initiated by a vascular insult
and maintained by tubular obstruction which occurs both as a
consequence of tubular cell necrosis with luminal detritus and
the diminished transglomerular pressure. The present editorial
presents the hypothesis that the vascular consequences of an
ischemic insult including renal vasoconstriction, diminished
glomerular permeability, loss of renal autoregulation and hyper-
sensitivity to renal nerve stimulation may relate to increased
cellular calcium concentration in the renal afferent arteriole and
glomerular mesangial cells. The attenuation of these vascular
sequelae of a renal ischemic insult by the administration of a
calcium entry blocking agent, such as verapamil or nifedipine,
before or immediately after the ischemic insult supports this
possibility. In addition, renal vasodilatory agents such as
secretin or acetylcholine, which are not known to influence
cellular calcium entry, are not protective [60, 61], thus lending
further support to this proposal. (Note added in proof)
The hypothesis further proposes that the ischemic injury to
the proximal tubular epithelium commences with injury to the
plasma membranes which is associated with increased calcium
uptake. The duration and completeness of the ischemic insult
appear to dictate the amount of time necessary for reversal of
the plasma membrane abnormalities, including the increased
exchangeable calcium and loss of polarity observed after an
ischemic insult. While the reflow period provides oxygen,
substrates and increased ATP for the membrane repair process,
the reflow period is most likely also associated with generation
of oxygen radicals, which perpetuate the membrane damage, as
well as removal of the protective effect of extracellular acidosis.
This competition between repair and damaging effects of reflow
after an ischemic insult determines the overall amount and
duration of the calcium load which the intracellular organelles,
namely the mitochondria and endoplasmic reticulum, must
buffer in an effort to maintain the cytosolic calcium concentra-
tion in a range so as not to overactivate such potentially
damaging processes as membrane phospholipases. Moreover,
recent studies of Malis and Bonventre have demonstrated that
exposure to calcium potentiates oxygen free radical-induced
injury to mitochondria in vitro and that this injury is partially
mediated by phospholipase A2 activation [62]. These findings
lend further support to the hypothetical sequence of events
presented in Figure 6 in which the potentially damaging effects
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of ischemia and reflow on renal tubular epithelium are outlined.
With an ischemic insult of a duration sufficient to cause revers-
ible ARF (that is, 45 to 50 mm of total renal ischemia), the renal
cortical mitochondria are able to buffer the increased cellular
calcium load during reflow for the initial three to six hours, after
which the calcium overloaded mitochondria deteriorate and
lose their capacity for ATP synthesis; cell death follows soon
thereafter. If a sufficient number of renal tubular epithelial cells
undergo this process of cell death to provide the substrate for
tubular obstruction the maintenance phase of ARF occurs. As
discussed earlier, there is some evidence that calcium entry
blocking agents may ameliorate the increase in calcium uptake
in renal tubular epithelium, perhaps in a manner similar to the
protective effect of extracellular fluid acidosis. Other poten-
tially protective compounds, such as oxygen radical scavengers
and phospholipase inhibitors, may be additive to the vascular
and tubular epithelial effects of calcium entry blocking agents.
In addition, verapamil has recently been demonstrated to
decrease functional deterioration and mortality in the partially
nephrectomized model of chronic renal failure [63]. This finding
therefore suggests a potential common pathway in acute and
chronic renal injury. Lastly, it is interesting that both magne-
sium and adenine nucleotides protect mitochondria from the
damaging effects of calcium overload [64] and the protective
effect against ischemic injury of exogenous ATP, ADP and AMP
is dependent on the concomitant administration of MgCl2 [64].
Certainly, further studies are needed in this complex area of
ischemia-induced renal cell injury, renal cell death and ARF.
This article has attempted to review the in vivo and in vitro
results which suggest that increased cellular calcium in vascular
smooth muscle and renal tubular epithelial cells after an ische-
mic insult may not only be the consequence of cell death and
loss of membrane integrity, but may also be one of several
pathogenetic factors involved in renal cell injury and ultimate
cell death. In this regard, two recent excellent review articles
provide the reader further insight into this complex mechanism
of calcium and ARF [65, 66]. Lastly, we have also recently
reviewed in depth the multifactorial consequences of ischemia
and reperfusion on renal epithelial cells [67].
ROBERT W. SCHRIER, PATRICIA E. ARNOLD, VIcKI J. VAN PUTTEN,
and THOMAS J. BURKE
Department of Medicine
University of Colorado School of Medicine
Denver, Colorado 80262
Note added in proof
Furthermore, the importance of calcium in ischemic injury has been
suggested by the demonstration that astrial natriuretic factor, which has
recently been shown to prevent hormone—induced intracellular calcium
mobilization in cultured glomerular mesangial cells, also ameliorates
ischemic ARF in vitro and in vivo. MEYER—LEHNERT H, CARAMELO C,
SCHRIER RW: Effect of atrial natriuretic factor (ANF) on vasopressin
(AVP)-induced CA4 mobilization and contraction in cultured rat
mesangial cells (MC). (abstract) Xth International Congress of
Nephrology (in press). NAKAMOTO M, SHAPIRO JI, SHANLEY P, CHAN
L, SCHRIER RW: The in vitro and in vivo protective effect of atriopeptin
III on ischemic acute renal failure. J Clin In vest (in press).
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